In this paper, a stray current sensor based on an all-side cylindrical spiral fiber is proposed. The configuration of stray current sensor is illustrated first. The Jones matrix of sensor head is derived based on the geometric rotation effect. The output representation of stray current sensor is also obtained. Moreover, the effect of the characteristic parameters of sensor head on the output error is evaluated. On these bases, the genetic algorithm is applied to optimize these characteristic parameters in the range of the temperature-induced linear birefringence from 0°to 1000°. The optimization results include the following: For the vertical side, the length of cylindrical rod and the number of curve spirals are 1024 mm and 35, respectively; for the horizontal side, these two parameters are 876 mm and 28, respectively. The temperature experiments are conducted to test the performance of the stray current sensor with reference to that without cylindrical spiral fiber, and the test results indicate that the measurement error of the proposed stray current sensor is not larger than 0.4%, which can be suited for the stray current measurement in an urban rail transit system.
A Stray Current Sensor Based on an
All-Side Cylindrical Spiral Fiber 
Introduction
The optical fiber current sensor (OFCS) has been under investigation since the 1970s [1] . Its operation mainly depends on the Faraday effect in the single mode optical fiber [1] - [4] . The main benefits of OFCS are current measurement with high fidelity, high safety of operation, and environmental friendliness [5] . The other advantages of OFCS have been reported, such as high accuracy, wide dynamic range, wide bandwidth, and dielectric nature [6] , [7] . The OFCS has been found to enter into applications in high voltage substations for electric power transmission [8] , [9] , current measurement for process control and protection in electrowinning industry [10] , and current measurement for buried pipelines protection in an urban rail transit system [3] . The formal two applications maybe well know while the last one maybe not. In the last application, this described current of buried pipelines, such as the oil pipeline, water pipeline, and gas pipeline, is usually called stray current.
Since the magnitude of stray current is closely related to the corrosion status of buried pipelines, the measurement on stray current can provide a new method to evaluate the corrosion status [11] , [12] . The stray current is known to produce from the DC traction current of the train along the running rail, which includes the primary stray current and the secondary one. The primary stray current can be captured by the stray current collection system, which has no effect on the buried pipeline. The secondary stray current enters the buried pipeline and then causes the electrolytic corrosion. According to our test results in a metro system, the secondary stray current on a single buried pipeline is proven to be a low frequency current, which is not greater than 10.94 Hz, and its magnitude is within the range from -19.3 A to 20.8 A.
The OFCS, which is the passive and anti-corrosion sensor, is an advantageous candidate to measure the secondary stray current. According to the signal detection method, the OFCS can be divided into two main types including interferometer [4] , [7] - [8] and polarimetric [1] - [3] , [5] , [6] . Compared with the interferometer OFCS, the polarimetric OFCS has the advantages of simple optical structure and low cost. Thus, the polarimetric OFCS has been applied to measure stray current, which is called stray current sensor [3] , [6] . During the practical applications, the main problem of the stray current sensor is the sensitivity to temperature, that is, the sensor performance may be declined due to the temperature-induced linear birefringence. As far as we know, two effective methods have been applied to solve the temperature-sensitive problem. The first method applies the thermally annealed fiber as the sensing fiber [13] . However, the thermally annealed fiber is found to be easily damaged. The other method applies the spun highly birefringent fiber as the sensing fiber [14] , [15] . However, the Verdet constant of this spun highly birefringent fiber is difficult to be evenly distributed. Moreover, this fiber needs to be improved in some ways, such as the high cost of fabrication and the high polarization mode dispersion [16] .
In this paper, first, we propose a stray current sensor based on an all-side cylindrical spiral fiber (CSF). In each side, it winds the sensing fiber along the cylindrical spiral curve, which produces the circular birefringence to suppress the linear birefringence based on geometric rotation effect. The configuration of stray current sensor is demonstrated, and a sensor head using all-side CSF is illustrated in detailed. The Jones matrix of the sensor head is then derived. Moreover, the output representation of stray current sensor is obtained. And the effect of the characteristic parameters of the sensor head on the output error is evaluated. On these bases, the genetic algorithm is applied to optimize the characteristic parameters, including the length of the cylindrical rod and the number of the curve spirals. Finally, comparing with the stray current sensors without CSF, the temperature experiments are conducted to assert the superiority of stray current sensor with all-side CSF.
Optical Configuration and Output Representation for Stray Current Sensor
The stray current sensor is composed of a super luminescent diode (SLD) source, a polarizer, a coupler, a sensor head, a polarization controller (PC), a polarization beam splitter (PBS) and an optical power meter (OPM), whose configuration is shown in Fig. 1 . The sensor head is composed of the sensing fiber, two multilayer solenoids and a mirror. It is noted that the mirror is attached at the end of the sensing fiber. Firstly, the light from the SLD passes through the polarizer to form the linearly polarized light. The linearly polarized light then travels through the coupler and enters into the sensor head. During the sensor head, the linearly polarized light propagates in the sensing fiber and the plane of polarization is rotated due to the magnetic field induced by the stray current applied on the solenoids. The linearly polarized light is reflected by the mirror and passes the sensing fiber for a second time. Since the Faraday Effect is nonreciprocal, the rotation angle is double. The linearly polarized light from the sensor head is coupled into the PC that is used to modulate the plane of polarization through 45 degrees [3] . The modulation light travels into the PBS and then splits into the orthogonally optical signals that are detected by the OPM. Finally, the detection results of the OPM are sent to the industrial personal computer (IPC) by RS 232 interface.
The detailed configuration of the sensor head is shown in Fig. 2(a) . The two solenoids are designed to connect in series through a conducting wire, which are installed in the sections AB and EF, respectively, which means that the magnetic field intensities are the same for the sensing fiber in sections AB and EF. Moreover, the sensing fiber is installed on a cylindrical rod along a spiral curve in section AB, which is the same as the installations in sections CD, EF and GH. Thus, the sensing fiber is called as the all-side CSF. It is noted that the linear birefringence, the circular birefringence and the magnetic field work together on the CSF in section AB as well as in section EF. However, only the first two factors play a role on that in sections CD and GF. The parameters' distribution is shown in Fig. 2(b) .
In section AB, the parameter equation of the CSF is expressed as
where 0 ࣘ α ࣘ 2π, r is the radius of the cylindrical rod, κ is the number of the curve spirals, and h is the length of each curve spiral. The magnetic field intensity along the CSF can be simplified as [3] 
where the parameters a and b represent the internal and external diameter of multilayer solenoid, respectively. The parameter Len represents the length of multilayer solenoid. The parameter Cur represents the applied stray current. The parameters n 1 and n 2 are equal to num 1 /Len and num 2 /(ba), respectively. It is noted that num 1 and num 2 are defined as the number of turns along the axial and vertical direction of multilayer solenoid, respectively. According to (1) , the length of the CSF can be derived as
Moreover, the torsion τ and curvature μ of the CSF are obtained as (4), respectively.
In our sensor, the linear birefringence of the CSF may be induced by the bending stress or the thermal stress. Among them, the bending-induced linear birefringence (BLB) of the CSF per meter is given by [17] : where λ is the wavelength of the input light, λ = 1.55 um; n is the refractive index of the fiber core, n = 1.458; p 11 , 12 are the strain-optical coefficients, p 11 = 0.121 and p 12 = 0.270; ν is the Poisson's ratio, ν = 0.17; r 1 is the equivalent radius of the CSF, r 1 = 62.5 um. Moreover, the temperature-induced linear birefringence (TLB) of the CSF per meter is defined as β t , which is difficult to be calculated like β b at present. The main challenge is how to accurately obtain the stress difference between the principal axes of the CSF when the temperature is changed. And there is no effective method to measure this stress difference of the meter-long CSF. In this work, the parameters optimization of the CSF is firstly performed within a preset range of the TLB. On this basis, the temperature experiment is used to evaluate the accuracy of this preset range. Thus, for the CSF, the linear birefringence is equal to βL, which is the sum of β b L and TLB, the circular birefringence is equal to τL [18] , and the Faraday rotation angle is equal to VHL [6] . It is noted that V represents the Verdet constant of the CSF. For the forward propagating light beam, the Jones matrix of the CSF is obtained as [19] 
For the back propagating light beam, the Jones matrix of the CSF is obtained as [19] 
where
For the CSF in section CD, the length of the cylindrical rod and the number of the curve spirals are both different from the CSF in section AB. In addition, the CSF in section CD is irrelevant to the magnetic field induced by the applied stray current. Thus, for the forward and back propagating light beam, the Jones matrices of the CSF in section CD are derived as
The parameters L', τ' and μ' represent the length, the torsion, and the curvature for the CSF in section CD, which are obtained based on (3) to (4) . The parameter β'L' represents the linear birefringence for the CSF in section CD, which can be obtained by reference to the βL. Moreover, the length of cylindrical rod and the number of curve spirals are defined as Len' and κ', respectively.
The Jones matrices of the CSF in section EF are the same as that in section AB. And the Jones matrices of the CSF in section GH are the same as that in section CD. Thus, according to (6) to (8) (9) where J m represents the Jones matrix of the mirror.
When the applied stray current is equal to 0 A, the Jones matrix of the sensor head is defined as J s0 , which is the special case of (9) . In this case, the Jones vector of the output signal from the PBS is defined as E s . Moreover, when the applied stray current is not equal to 0 A, the Jones vector of the output signal from the PBS is defined as E d . The vectors E s and E d can be given by
where J p represents the Jones matrix of the polarizer, and J p c represents the Jones matrix of the PC; E i is the Jones vector of the light beam from the SLD source.
Compared with [20] , a quadrature processing is improved for the output signal. An actual output (AO) and independent of the input optical power is obtained as
Parameter Optimization of Sensor Head
The known parameters of our sensor head include n 1 = 639.7/m; n 2 = 545.2 /m; a = 32 mm; b = 54 mm; r = 2 mm; V = 0.804 urad/A, and the unknown parameters include Len, Len', κ and κ'. It is noted that the lengths of each curve spiral h and h' are equal to Len/κ and Len'/κ' in sections AB and CD, respectively. Obviously, these unknown parameters are critical for the output error reduction. According to [7] , the current must be measured with accuracy to within ±0.2% in the electricity metering applications and ±1% for substation protection purposes. However, there have been no standards for referencing in determining the accuracy for stray current measurement. According to Faraday's law of electrolysis [21] , the corrosion amount of buried pipeline is about 2354.5 g at 1 A stray current in a year (about 365 days). In practice, the corrosion status of the buried pipeline can be accurately determined when the corrosion amount reaches 2345.1 g. Thus, the stray current measurement accuracy should be controlled within ±0.4%.
If the linear birefringence is completely suppressed by the circular birefringence produced from CSF, the Jones matrices of the sensor head with and without the applied stray current will be given by
Thus, the desired output (DO) of stray current sensor can be derived as
where E ls = J pc ·J l0 ·J p ·E i and E ld = J pc ·J l ·J p ·E i . In addition, the output error (OE) can be derived based on (11) and (13), which is given by
Two simulations have been conducted to demonstrate the relationship between the OE and the unknown parameters, that is, Len, Len', κ and κ'. The applied current is set as 20 A during the two simulations. In the first simulation, these four unknown parameters are set as 700 mm, 650 mm, 13 and 9, respectively. For the CSF in section AB, the same goes for that in section EF, the BLB is about 15.3 deg based on (5), respectively. And the BLB is about 4.4 deg for that in sections CD and GH. In the second simulation, the four unknown parameters are set as 900 mm, 700 mm, 11 and 14, respectively. The BLB are about 3.7 deg in sections AB and EF. And the BLB is about 20.5 deg in sections CD and GH. Moreover, during these two simulations, the TLB is set within the range from 0 deg to 1000 deg for each section, which may induced by the BLB variation as the temperature changes or the expansion coefficient difference between the CSF and the cylindrical rod. The output error curves of these two simulations are shown in Fig. 3(a) and (b), respectively. In Fig. 3 , the output error is found to be not larger than 0.4% within several limit ranges. For the first simulation, the range is between 0 deg and 306 deg. For the second simulation, the range is between 0 deg and 330 deg. However, the desired result is that the OE is smaller than 0.4% when the TLB is in the range from 0 deg to 1000 deg. These two simulations indicate that the unknown parameters have an important effect on the OE. Thus, the unknown parameters need to be optimized.
The genetic algorithm (GA) is applied to determine the optimal results of the unknown parameters in this work. In the GA, each individual in the population represents a possible solution of the unknown parameters, which is characterized by a 32-bit string of 0s or 1s. In each individual, the first 6 bits, the seventh to 12th bits, the 13th to 22th bits and the last 10 bits corresponds to κ, κ', Len, and Len', respectively. There are 80 individuals in the population. A fitness function is required to investigate what the fitness level is for each individual [22] . And the output error OE is set as the fitness function (Fit). The GA begins its evolution process from a random population. The evolution process is repeated a predetermined number of generations [23] ; thereafter the GA stops and the optimal parameters can be determined from the final solution with the smallest OE. In each generation cycle, the population of solutions is subjected to the action of specially constructed genetic operators: selection, crossover, and mutation [24] . First, the selection process is based on probability, i.e., solutions evaluated with higher Fit values are most likely to be selected for the next generation, while those with low Fit values will most likely not survive. This work uses the roulette wheel scheme as the selection operator [23] , [24] . Once the superior solutions have been selected, the crossover process randomly chooses two selected solutions (i.e., parents), exchanges their bit information, and then generates two further solutions (i.e., offspring). This process is used to select the good genes accumulated from the parents' generation with the intention that these genes will produce even better individuals. Finally, if the GA relies simply on the crossover process to reproduce the offspring, the individual cannot evolve with the new feature [22] . The mutation process causes an existing individual to be modified and, hence, introduces an additional variability into the population [24] . This process helps to prevent the GA from getting trapped in a local optimal solution. The three operations will be iteratively performed in the GA process, and the GA process continues to evolve endlessly without setting termination conditions. Therefore, the termination condition is set to 200 evolutionary generations. The process flow for the GA used in our study is shown in Fig. 4 , and the fitness function evaluation process is shown in the dotted box.
The evaluation process of genetic algorithm is shown in Fig. 5(a) . And the Fit of the best individual is about 0.1644% in the maximum generation. After decoding the best individual, the optimized parameters are obtained, that is, Len = 1024 mm, Len' = 876 mm, κ = 35, and κ' = 28. In the range of TLB from 0 deg to 1000 deg, the OEs are all not larger than 0.4% shown in Fig. 5(b) . It is found that the maximum OE is 0.1644% at 656 deg, which is consistent with the evaluation result. It indicates that the optimized results of genetic algorithm are accurate. Furthermore, the feasibility of these optimized results needs to be verified for other current, because these optimized results are obtained at 20 A. And the verification result is shown in Fig. 6 . It is found that the OE is not larger than 0.4% within the range from 1 A to 20 A. For example, the maximum OE is found to be 0.2577% at 5 A, 0.2382% at 10 A, and 0.2077% at 15 A. It means that these optimized results are applicable to the whole measurement range of stray current sensor. Next, the stray current sensor will be fabricated based on these optimized results. Moreover, the temperature experiments will be conducted to test the performance of the optimized sensor. 
Temperature Experiments
The performance of stray current sensor with the all-side CSF is evaluated with reference to that without the CSF, and the detailed configuration of the reference sensor is shown in Fig. 7(a) . For these two sensors, the most of the design parameters are the same except for the installation methods of sensing fibers, and the sensing fibers are both the low birefringent fibers (Oxford Electronics Co. Ltd., model LB 1550-125). The numbers of turns of sensing fiber are both only one. It means that the intrinsic linear birefringence of sensing fiber can be neglected. Moreover, for the reference sensor, the circular birefringence can be approximated to zero because the sensing fiber is not twisted. According to the test method presented in [3] , the sensitivity of the reference sensor is about 0.0416 /A at 20°C, which is shown in Fig. 7(b) , and the sensitivity of the proposed sensor is about 0.0424 /A at 20°C, which is shown in Fig. 7(c) . Fig. 7(b) and (c) also show the measurement error curves. It can be found that the maximum error is obtained at the low current that is not greater than 5.0 A. And the maximum error is about 0.46% for the reference sensor while it is about -0.37% for the proposed sensor. It indicates that the proposed sensor has a better accuracy than the reference sensor at the low current. In addition, the effect of the TLB on the OE of reference sensor is simulated, which is shown in Fig. 8 . It can be found that the OE is great in the range of the TLB from 0 deg to 1000 deg. For example, the maximum OE is about 135.04% at 5 A, 136.03% at 10 A, 137.79% at 15 A, and 140.49% at 20 A, respectively.
The temperature experiments are conducted for these two sensors. In these experiments, the central wavelength of the SLD source (EXFO Co. Ltd., model FLS-2200) is about 1550 nm. Its 3 dB spectral width is about 56 nm. The extinction ratio of the polarizer is about 35 dB. The coupling ratio of the coupler is about 50:50. The OPM are also produced by EXFO Co. Ltd. (model PM-1623). Moreover, the experiment temperature is in the range from 0°C to 30°C. The platinum resistance is applied as the temperature sensor, and its detection accuracy is about 0.2% in the range from 0°C to 30°C. The measurement result of a digital multimeter (Agilent Co. Ltd., model U3402A) is used as the standard value of the experiment current. It is noted that the DC current accuracy of this multimeter is about 0.05% while the measuring range higher limit is 12 A. And the DC voltage accuracy is about 0.012% while the measuring range lower limit is 120 mV. If the experiment current is greater than 12 A, a precision shunt (type 25A/250mV) should be required. In the sensor head, for sections AB and EF, the length of the cylindrical rod is about 1024 mm while the number of curve spirals is about 35. For sections CD and HG, the two parameters are about 876 mm and 28, respectively.
Four temperature experiments have been conducted. And these experimental results are shown in Fig. 9 . In the first temperature experiment, the standard value of the experiment current is about 5.0 A. When the sensor without CSF is applied, the measured current curve is shown as Fig. 9(a) , which is within the range from 4.905 A to 5.389 A, and the maximum measurement error is about 7.77%. Moreover, when the sensor with all-side CSF is applied, the measured current curve is shown as Fig. 9(b) , which is within the range from 4.992 A to 5.013 A, and the corresponding measurement error is within the range from -0.17% to 0.26%. In the second experiment, the standard value is about 10.0 A. And the experiment results are shown in Fig. 9(c) and (d) . For the first case, the measured current is in the range from 9.872 A to 10.749 A, and the maximum error is about 7.49%. For the second case, the measured current is within the range from 9.978 A to 10.019 A. And the corresponding error is within the range from -0.225% to 0.191%. In the third experiment, the standard value is about 15.0 A. And the experiment results are shown in Fig. 9 (e) and (f). For the first case, the measured current is in the range from 14.794 A to 15.998 A, and the maximum error is about 6.65%. For the second case, the measured current is within the range from 14.953 A to 15.044 A. And the corresponding error is within the range from -0.31% to 0.29%. In the last experiment, the standard value is about 20.0 A, and the experiment results are shown in Fig. 9(g ) and (h). For the first case, the measured current is in the range from 19.737 A to 21.355 A, and the maximum error is about 6.78%. For the second case, the measured current is within the range from 19.955 A to 20.057 A, and the corresponding error is within the range from -0.23% to 0.29%. According to these above experiment results, the measurement errors are all not larger than 0.4% based on the proposed sensor with all-side CSF. Thus, it indicates that this sensor with all-side CSF has the good performance in the varying temperature condition.
Conclusion
In this paper, the stray current sensor based on an all-side CSF is firstly proposed. And the Jones matrix of sensor head is derived based on geometric rotation effect. The output representation of the proposed stray current sensor is also obtained. Moreover, the effect of the characteristic parameters of sensor head on the output error is evaluated, and the genetic algorithm is applied to optimize these characteristic parameters in the range of the temperature-induced linear birefringence from 0 deg to 1000 deg. The optimization results include: Len = 1024 mm, Len' = 876 mm, κ = 35 and κ' = 28. The temperature experiments are conducted to test the performance of the proposed stray current sensor with reference to that without CSF, and the experiment current is 5.0 A, 10.0 A, 15.0 A and 20.0 A, respectively. The experiment results indicate that the measurement error of the proposed stray current sensor is not larger than 0.4%, which can be suit for the stray current measurement in an urban rail transit system. The results can also provide reference for the elimination of the temperature-induced linear birefringence in the interferometer OFCS and the polarization-interference-based fiber vibration sensor.
